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(54) SUPEROMNIPHOBIC BULK OPTICAL GLASS

(57)  Amethod for preparing an optically transparent, FIG. 1
superomniphobic glass composition is described. In one

aspect, the present disclosure provides a method for pre-

paring a glass composition, including heating a borosili- A
cate glass comprising 45-85 wt. % silicon oxide and 10-40

wt.% boron oxide to form a phase-separated glass com-

prising an interpenetrating network of silicon oxide do-

mains and boron oxide domains. The method includes
removing at least a portion of the boron oxide domains

from the phase-separated glass and depositing a hydro-

phobic silane to provide a porous glass having a hydro-

phobic silane layer disposed on a portion of the surface

thereof, a total pore volume of 15-50 vol.%, and an av- c
erage pore diameter of 20-300 nm. The method includes,

within at least a portion of the volume of the porous glass,

forming an aerogel precursor, and converting at least a

portion of the aerogel precursor to an aerogel.
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Description
BACKGROUND

[0001] Unless otherwise indicated herein, the materi-
als described in this section are not prior art to the claims
in this application and are not admitted to be prior art by
inclusion in this section.

[0002] Microporous superhydrophobic surfaces hav-
ing exceptional water repellency properties have poten-
tial application in numerous fields of endeavor. However,
such surfaces can be poorly repellant to oily materials
(i.e., low oleophobicity), such as road grime (e.g., in au-
tomotive applications). Though superomniphobic mate-
rials having exceptional water and oil repellency proper-
ties have been achieved, such materials have micron-
scale roughness, and accordingly can be difficult to keep
clean (e.g., from "bug splats"). Moreover, such materials
are often susceptible to shear force.

[0003] Moreover, where bulk materials are required,
such surfaces typically must be applied as a coating to
a bulk substrate. The resulting coating-substrate inter-
face can significantly limit the durability and optical clarity
of the coated material. Because materials with high op-
tical clarity tend to have low surface roughness, bonding
between a superomniphobic coating and an optically
clear bulk substrate (e.g., glass) can be relatively weak,
and therefore susceptible to shear forces, "bug splats,"
etc.

[0004] Accordingly, there remains a need for optically
transparent, superomniphobic bulk materials that are du-
rable and relatively easy to keep clean.

SUMMARY

[0005] In one aspect, the present disclosure provides
a method for preparing a glass composition, comprising
heating a borosilicate glass comprising 45-85 wt.% sili-
con oxide and 10-40 wt.% boron oxide to form a phase-
separated glass comprising an interpenetrating network
of silicon oxide domains and boron oxide domains;
removing at least a portion of the boron oxide domains
from the phase-separated glass and depositing a hydro-
phobic silane to provide a porous glass having

a hydrophobic silane layer disposed on a portion of
the surface thereof;

a total pore volume of 15-50 vol.%; and

an average pore diameter of 20-300 nm;

within at least a portion of the pore volume of the porous
glass, forming an aerogel precursor; and

converting at least a portion of the aerogel precursor to
an aerogel.

[0006] In certain embodiments as otherwise described
herein, removing the phase-separated boron oxide do-
mains comprises selectively leaching or etching in an
aqueous solution for a period of time sufficient to remove
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at least 80 wt.% of the boron oxide domains of the phase-
separated glass; and depositing the hydrophobic silane
comprises exchanging the aqueous solution for an or-
ganic solution comprising the hydrophobic silane.
[0007] Incertain embodiments as otherwise described
herein, removing the phase-separated boron oxide do-
mains comprises selectively leaching in an aqueous so-
lution.

[0008] In certain embodiments as otherwise described
herein, the aqueous solution has a pH of 6-8.

[0009] In certain embodiments as otherwise described
herein, an amount of silicon oxide present in the porous
glass is atleast 90% of an amount of silicon oxide present
in the phase-separated glass.

[0010] In certain embodiments as otherwise described
herein, at least 2% of the surface of the porous glass
comprises the hydrophobic silane layer.

[0011] Incertain embodiments as otherwise described
herein, the disposed hydrophobic silane layer is cova-
lently linked to the phase-separated silicon oxide do-
mains of the porous glass.

[0012] In certain embodiments as otherwise described
herein, the porous glass has a total pore volume of 30-50
vol.%, and an average pore diameter of 75-250 nm.
[0013] Incertain embodiments as otherwise described
herein, forming the aerogel precursor comprises reacting
a silicon alkoxide and water in the presence of a catalyst
to produce a sol-gel.

[0014] In certain embodiments as otherwise described
herein, the silicon alkoxide includes tetramethoxysilane
or tetraethoxysilane.

[0015] In certain embodiments as otherwise described
herein, converting the aerogel precursor comprises su-
percritical solvent extraction from the sol-gel.

[0016] In certain embodiments as otherwise described
herein, the aerogel comprises at least 80 vol.% of the
total pore volume of the porous glass.

[0017] In another aspect, the present disclosure pro-
vides a glass composition prepared by a method de-
scribed herein.

[0018] In another aspect, the present disclosure pro-
vides a glass composition comprising

an interpenetrating network of silicon oxide domains and
aerogel domains, wherein

the aerogel comprises 15-50 vol.% of the composition;
the silicon oxide comprises 45-85 vol.% of the composi-
tion; and

the average diameter of the aerogel domains is 20-300
nm.

[0019] In certain embodiments as otherwise described
herein, the composition further comprises a hydrophobic
silane, wherein the hydrophobic silane is present in the
composition at an interface of at least a portion of the
aerogel domains and the silicon oxide domains.

[0020] In certain embodiments as otherwise described
herein, the hydrophobic silane is covalently linked to the
silicon oxide.

[0021] In another aspect, the present disclosure pro-
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vides an article comprising a glass composition de-
scribed herein, the article having a major surface and a
thickness perpendicular thereto, wherein the thickness
is 0.5-20 mm.

[0022] In certain embodiments as otherwise described
herein, the major surface has a water contact angle of at
least 130°.

[0023] In certain embodiments as otherwise described
herein, the major surface has an oil contact angle of at
least 130°.

[0024] In certain embodiments as otherwise described
herein, the article has a light transmissivity of at least
98% for wavelengths between 400 nm and 1,500 nm.

BRIEF DESCRIPTION OF THE DRAWINGS

[0025] FIG.1isasetofimagesdepicting certain stages
of a method according to one embodiment of the disclo-
sure, including (A) a borosilicate glass before heating;
(B) a phase-separated glass after heating, comprising
an interpenetrating network of silicon oxide domains
(black) and boron oxide domains (grey); (C) a phase-
separated glass after further heating, comprising an in-
terpenetrating network of silicon oxide domains (black)
and boron oxide domains (grey); (D) a porous glass after
leaching or etching, comprising silicon oxide domains
(black) and pores (white); (E) a glass composition after
formation of an aerogel precursor, comprising silicon ox-
ide domains (black) and aerogel precursor (dotted); and
(F) a glass composition after converting the aerogel pre-
cursor, comprising silicon oxide domains (black) and
aerogel (cross-hatched).

DETAILED DESCRIPTION

[0026] The following detailed description describes
various features and functions of the disclosed methods,
compositions, and structures. The illustrative embodi-
ments described herein are not meant to be limiting. It
will be readily understood that certain aspects of the dis-
closed methods, compositions, and structures can be ar-
ranged and combined in a wide variety of different con-
figurations, all of which are contemplated herein.
[0027] A method for preparing an optically transparent,
superomniphobic glass composition is described. "Su-
perhydrophobic," as used herein, describes surfaces or
coatings that have a water contact angle of at least about
130°. Also as used herein, "superoleophobic" describes
surfaces or coatings that have an oil contact angle of at
leastabout 130°. And as used herein, "superomniphobic"
describes surfaces or coatings that have a water contact
angle of at least about 130° and an oil contact angle of
at least about 130°. Also as used herein, an "optically
transparent" coating transmits at least about 90% of in-
cident light (e.g., having a wavelength in the range of
400-1,500 nm).

[0028] In one aspect, the present disclosure provides
a method for preparing a glass composition, including
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heating a borosilicate glass comprising 45-85 wt.% sili-
con oxide and 10-40 wt.% boron oxide to form a phase-
separated glass comprising an interpenetrating network
of silicon oxide domains and boron oxide domains. The
method includes removing at least a portion of the boron
oxide domains from the phase-separated glass and de-
positing a hydrophobic silane to provide a porous glass
having a hydrophobic silane layer disposed on a portion
of the surface thereof, a total pore volume of 15-50 vol.%,
and an average pore diameter of 20-300 nm. The method
includes, within at least a portion of the volume of the
porous glass, forming an aerogel precursor, and convert-
ing at least a portion of the aerogel precursor to an aero-
gel.

[0029] As described above, the method includes heat-
ing a borosilicate glass comprising 45-85 wt.% silicon
oxide and 10-40 wt.% boron oxide. As used herein, "ox-
ide" describes oxides in all forms and crystalline phases.
For example, "silicon oxide" includes SiO,, SiO, where
x is within the range of 1 to 3, etc. Unless otherwise in-
dicated, regardless of the actual stoichiometry of the ox-
ide, oxides are calculated as the most stable oxide for
purposes of weight percent determinations. Forexample,
the person of ordinary skill in the art will appreciate that
a non-stoichiometric oxide of silicon, or even another
form of silicon, may still be calculated as SiO,. As used
herein, "aerogel domains," "aerogel present as a do-
main," etc., can be used interchangeably and describe
a discrete moiety comprising at least 50 wt.% (e.g., at
least 75 wt.%, or at least 90 wt.%, or at least 95 wt.%)
aerogel. Of course, aerogel domains can include other
components such as, for example, binders, aerogel pre-
cursors, impurities, etc.

[0030] As described above, in one aspect of the dis-
closure, the borosilicate glass comprises 45-85 wt.% sil-
icon oxide and 10-40 wt.% boron oxide. For example, in
certain embodiments as otherwise described herein, the
borosilicate glass comprises 45-75 wt.%, or 45-65 wt.%,
or 45-55 wt.%, or 55-85 wt.%, or 65-85 wt.%, or 75-85
wt.%, or 50-80 wt.%, or 55-75 wt.%, or 60-70 wt. % silicon
oxide. In another example, in certain embodiments as
otherwise described herein, the borosilicate glass com-
prises 10-35wt.%, or 10-30 wt.%, or 10-25 wt.%, or 10-20
wt.%, or 15-40 wt.%, or 20-40 wt.%, or 25-40 wt.%, or
30-40 wt.%, or 15-35 wt.%, or 20-30 wt.% boron oxide.
In certain embodiments as otherwise described herein,
the method includes heating a borosilicate glass com-
prising 45-70 wt.% silicon oxide and 15-40 wt.% boron
oxide. In another example, in certain embodiments as
otherwise described herein, the method includes heating
a borosilicate glass comprising 45-60 wt.% silicon oxide
and 20-40 wt.% boron oxide.

[0031] In certain embodiments as otherwise described
herein, the borosilicate glass is an alkali-borosilicate
glass. For example, in certain embodiments as otherwise
described herein, the borosilicate glass comprises an al-
kali oxide (e.g., sodium oxide). In certain such embodi-
ments, the borosilicate glass comprises 1-30 wt.%, e.g.,
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1-25 wt.%, or 1-20 wt.%, or 5-30 wt.%, or 10-30 wt.%, or
2.5-27.5 wt.%, or 5-25 wt.% sodium oxide. For example,
in certain embodiments as otherwise described herein,
the method includes heating a borosilicate glass com-
prising 45-70 wt. % silicon oxide, 15-40 wt.% boron oxide,
and 5-30 wt.% sodium oxide. In another example, in cer-
tain embodiments as otherwise described herein, the
method includes heating a borosilicate glass comprising
45-60 wt.% silicon oxide, 20-40 wt.% boron oxide, and
10-30 wt.% sodium oxide.

[0032] In certain embodiments as otherwise described
herein, the borosilicate glass is optically transparent. For
example, in certain embodiments as otherwise described
herein, the borosilicate glass has a light transmissivity of
at least 95% for wavelengths between 400 nm and 1,500
nm.

[0033] The presentinventor notes that the method de-
scribed herein is not particularly limited with respect to
the physical dimensions of the borosilicate glass. Accord-
ingly, the borosilicate glass (i.e., and the resulting glass
composition) can advantageously be a "bulk" glass that
is, for example, flat, curved, or otherwise shaped. For
example, in certain embodiments as otherwise described
herein, the borosilicate glass has a major surface and a
thickness perpendicular thereto. In certain such embod-
iments, the thickness is 0.5-20 mm, e.g., 0.5-15 mm, or
0.5-10 mm, or 0.5-5 mm. In certain such embodiments,
the major surface is substantially flat. In other embodi-
ments, the major surface is curved or otherwise shaped.
Of course, the method described herein is not limited
only to bulk glass, and accordingly can, in certain em-
bodiments, include heating a borosilicate glass having
dimensions similar to those of a coating (e.g., having a
thickness of less than 0.5 mm).

[0034] As described above, the method includes heat-
ing the borosilicate glass (e.g., FIG. 1A) to form a phase-
separated glass comprising an interpenetrating network
of silicon oxide domains and boron oxide domains (e.g.,
FIG. 1B, and after further heating, FIG. 1C). As used
herein, "phase-separated domains" describe discrete
moieties comprising substantially (e.g., at least 50 wt.%,
or at least 75 wt.%, or at least 90 wt.%, or at least 95
wt.%) one phase of a precursor material. In certain em-
bodiments as otherwise described herein, the method
includes heating an alkali-borosilicate glass to form, by
spinodal decomposition, a phase-separated glass com-
prising an interpenetrating network of amorphous silica
domains and alkali borate domains.

[0035] Incertain embodiments as otherwise described
herein, the method includes heating the borosilicate
glass at a temperature and for a period of time sufficient
to form, by spinodal decomposition, boron oxide domains
having an average size (e.g. the average minor dimen-
sion, or the average diameter) of 20-300 nm, e.g., 75-250
nm, or 100-200 nm. In certain such embodiments, the
method includes heating the borosilicate glass to a tem-
perature of at least 600 °C, e.g., at least 650 °C, or at
least 700 °C. In certain such embodiments, the method
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includes heating the borosilicate glass for 10 minutes to
8 hours, e.g., 1 hour to 6 hours, or 2 hours to 6 hours. In
certain embodiments as otherwise described herein,
heating the borosilicate glass comprises heating in an
oven.

[0036] In certain embodiments as otherwise described
herein, the phase-separated glass (i.e., after heating)
comprises at least 80 wt.%, e.g., at least 90 wt.%, or at
least 95 wt.% of a combined amount of phase-separated
boron oxide domains and silicon oxide domains. For ex-
ample, in certain such embodiments, the phase-separat-
ed glass comprises 80-99 wt.%, e.g., 90-99 wt.%, or
95-99 wt.% of a combined amount of phase-separated
boron oxide domains and silicon oxide domains. In cer-
tain embodiments as otherwise described herein, the
phase-separated glass comprises no more than 20 wt.%
(e.g., no more than 10 wt.%, or no more than 5 wt.%) of
an alkali-borosilicate glass, and includes atleast 80 wt.%
(e.g., atleast 90 wt.%, or at least 95 wt.%) of a combined
amount of alkali borate domains and amorphous silica
domains.

[0037] Incertain embodiments as otherwise described
herein, the average size (e.g., the average minor dimen-
sion, or the average diameter) of the phase-separated
boron oxide domains (e.g., alkali borate domains) is
20-300 nm, e.g., 75-300 nm, or 100-300 nm, or 125-300
nm, or 150-300 nm, or 175-300 nm, or 200-300 nm, or
50-250 nm, or 50-200 nm, or 75-250 nm, or 75-200 nm,
or 50-150 nm, or 75-175 nm, or 100-200 nm, or 125-225
nm, or 150-250 nm, or 175-275 nm.

[0038] After forming the phase-separated glass, the
method includes removing at least a portion of the boron
oxide domains from the phase-separated glass to pro-
vide a porous glass (e.g., FIG. 1D). In certain embodi-
ments as otherwise described herein, removing at least
a portion of the boron oxide domains comprises selec-
tively etching the boron oxide with an acidic solution (e.g.,
dilute HCI) or leaching the boron oxide into a liquid phase
(e.g., water). As the person of ordinary skill in the art will
appreciate, the pore size of the resulting material is re-
lated to the size of the removed boron oxide domains
(compare, e.g., FIG. 1C and FIG. 1D).

[0039] The present inventor notes that leaching boron
oxide from the phase-separated glass can remove sub-
stantially all of the phase-separated boron oxide domains
while removing a minimal or even negligible amount of
the phase-separated silicon oxide domains, providing a
substantially silicon oxide material comprising pores hav-
ing dimensions similar to those of the removed boron
oxide domains. Accordingly, in certain embodiments as
otherwise described herein, an amount of silicon oxide
present in the porous glass is at least 90%, e.g., at least
95%, or at least 97.5%, or at least 98%, or at least 99%
of an amount of silicon oxide present in the phase-sep-
arated glass.

[0040] In certain embodiments as otherwise described
herein, removing the phase-separated boron oxide do-
mains comprises selectively leaching at a temperature
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and for a period of time sufficient to remove at least 80
wt.% of the boron oxide domains of the phase-separated
glass. In certain such embodiments, the method includes
leaching the phase-separated boron oxide domains into
an aqueous leaching solution (e.g., water) at a temper-
ature of at least 80 °C, e.g., atleast 90 °C, or at least 95
°C, or bailing. In certain such embodiments, the method
includes leaching the phase-separated boron oxide do-
mains into an (e.g., boiling) aqueous leaching solution
for a period of 30 minutes to 7 days, e.g., 1 hour to 2
days, or 2 hours to 2 days, or 2 days to 7 days.

[0041] Forexample,incertainembodiments, removing
the phase-separated boron oxide domains comprises se-
lectively leaching for a period of time sufficient to remove
at least 85 wt.%, or at least 90 wt.%, or at least 95 wt.%,
or at least 97.5 wt.%, or at least 98 wt.%, or at least 99
wt.% of the boron oxide domains of the phase-separated
glass. As the person of ordinary skill in the art will appre-
ciate, some phase-separated boron oxide domains may
be inaccessible to a leaching solution. Accordingly, in
certain desirable embodiments as otherwise described
herein, substantially all (e.g., at least 97.5 wt.%, or at
least 98 wt.%, or atleast 99 wt.%) of solution-accessible
boron oxide domains are removed from the phase-sep-
arated glass.

[0042] The present inventor notes that removal of a
substantial portion of the boron oxide domains of the
phase-separated glass provides pores having highly hy-
drophilic surfaces that, while stable in the presence of an
aqueous etching or leaching solution, can collapse due
to capillary forces upon drying. Advantageously, the
present inventor has determined that, by depositing a
hydrophobic silane layer onto the interior surface of the
pores before completely removing a leaching solution or
an (e.g., neutralized) etching solution, the porous glass
can remain stable throughout and after drying.

[0043] Incertain embodiments as otherwise described
herein, depositing the hydrophobic silane comprises
treating a portion of the surface of the porous glass (i.e.,
including the interior pore surface) with one or more com-
pounds selected from organosilanes, fluorinated silanes,
and disilazanes (e.g., before drying the porous glass). In
certain embodiments as otherwise described herein, de-
positing the hydrophobic silane comprises covalently
linking the hydrophobic silane to the phase-separated
silicon oxide domains of the porous glass.

[0044] Suitable organosilanes include, but are not lim-
ited to alkylchlorosilanes; alkoxysilanes, e.g., methyltri-
methoxysilane, methyltriethoxysilane, ethyltrimethoxysi-
lane, ethyltriethoxysilane, n-propyltrimethoxysilane, n-
propyltriethoxysilane, i-propyltrimethoxysilane, i-propyl-
triethoxysilane, butyltrimethoxysilane, butyltriethoxysi-
lane, hexyltrimethoxysilane, octyltrimethoxysilane, 3-
mercaptopropyltrimethoxysilane, n-octyltriethoxysilane,
phenyltriethoxysilane, and polytriethoxysilane; tri-
alkoxyarylsilanes; isooctyltrimethoxy-silane; N-(3-tri-
ethoxysilylpropyl)methoxyethoxyethoxy  ethyl  car-
bamate; N-(3-triethoxysilylpropyl)methoxyethoxyethox-
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yethyl carbamate; polydialkylsiloxanes including, e.g.,
polydimethylsiloxane; arylsilanes including, e.g., substi-
tuted and unsubstituted arylsilanes; alkylsilanes includ-
ing, e.g., substituted and unsubstituted alkyl silanes in-
cluding, e.g., methoxy and hydroxy substituted alkyl si-
lanes; and combinations thereof. Suitable alkylchlorosi-
lanes include, for example, methyltrichlorosilane,
dimethyldichlorosilane, trimethylchlorosilane, octylmeth-
yldichlorosilane, octyltrichlorosilane, octadecylmethyl-
dichlorosilane and octadecyltrichlorosilane. Other suita-
ble materials include, for example, methylmethoxysi-
lanes such as methyltrimethoxysilane, dimethyldimeth-
oxysilane and trimethylmethoxysilane; methylethoxysi-
lanes such as methyltriethoxysilane, dimethyldiethoxysi-
lane and trimethylethoxysilane; methylacetoxysilanes
such as methyltriacetoxysilane, dimethyldiacetoxysilane
and trimethylacetoxysilane; vinylsilanes such as vinyl-
trichlorosilane, vinylmethyldichlorosilane, vinyldimethyl-
chlorosilane, vinyltrimethoxysilane, vinylmethyldimeth-
oxysilane, vinyldimethylmethoxysilane, vinyltriethoxysi-
lane, vinylmethyldiethoxysilane and vinyldimethylethox-
ysilane.

[0045] Suitable fluorinated silanes include fluorinated
alkyl-, alkoxy-, aryl- and/or alkylaryl-silanes, and fully per-
fluorinated alkyl-, alkoxy-, aryl- and/or alkylaryl-silanes.
An example of a suitable fluorinated alkoxy-silane is per-
fluorooctyltrimethoxysilane.

[0046] Suitable disilazanes include, for example, hex-
amethyldisilazane, divinyltetramethyldisilazane and
bis(3,3-trifluoropropyl)tetramethyldisilazane. Cyclosila-
zanes are also suitable, and include, for example, oc-
tamethylcyclotetrasilazane.

[0047] In certain embodiments as otherwise described
herein, removing at least a portion of the boron oxide
domains includes selectively leaching in an aqueous so-
lution (e.g., for a period of time sufficient to remove at
least 80 wt.% of the boron oxide domains of the phase-
separated glass), and depositing the hydrophobic silane
comprises exchanging the aqueous solution for an or-
ganic solution comprising the hydrophobic silane. In cer-
tain embodiments as otherwise described herein, remov-
ing atleast a portion of the boron oxide domains includes
selectively leaching in an aqueous solution (e.g., for a
period of time sufficient to remove at least 80 wt.% of the
boron oxide domains of the phase-separated glass), and
depositing the hydrophobic silane comprises exchanging
the aqueous solution for an organic solution, and then
adding the hydrophobic silane to the organic solution.
[0048] In certain such embodiments, the aqueous
leaching solution has a pH of 6-8, e.g., 6.5-7.5. In certain
such embodiments, the aqueous leaching solution is con-
tacted with the phase-separated glass at a temperature
(e.g., at least 80 °C, or at least 90 °C, or at least 95 °C,
or boiling) and for a period of time (e.g., 30 minutes to 2
days, or 1Thour to 1.5 days, or 2 hours to 1 day, or 5 hours
to 1 day) sufficient to remove at least 80 wt.%, e.g., at
least 85 wt.%, or at least 90 wt.%, or at least 95 wt.%, or
at least 97.5 wt.%, or at least 98 wt.%, or at least 99 wt.%



9 EP 3 945 080 A1 10

ofthe boron oxide domains of the phase-separated glass.
[0049] In certain embodiments as otherwise described
herein, removing at least a portion of the boron oxide
domains includes selectively etching in an aqueous so-
lution (e.g., for a period of time sufficient to remove at
least 80 wt.% of the boron oxide domains of the phase-
separated glass), and depositing the hydrophobic silane
comprises exchanging the aqueous solution for an or-
ganic solution comprising the hydrophobic silane. In cer-
tain embodiments as otherwise described herein, remov-
ing at least a portion of the boron oxide domains includes
selectively etching in an aqueous solution (e.g., for a pe-
riod of time sufficient to remove at least 80 wt.% of the
boron oxide domains of the phase-separated glass), and
depositing the hydrophobic silane comprises exchanging
the aqueous solution for an organic solution, and then
adding the hydrophobic silane to the organic solution. Of
course, in certain such embodiments, it may be neces-
sary to adjust the composition of the aqueous etching
solution (e.g., adjust the pH of the solution) before ex-
changing for the organic solution.

[0050] In certain embodiments as otherwise described
herein, removing at least a portion of the boron oxide
domains and depositing the hydrophobic silane includes
selectively leaching in an aqueous solution comprising
the hydrophobic silane (e.g., for a period of time sufficient
to remove at least 80 wt.% of the boron oxide domains
ofthe phase-separated glass). In such embodiments, the
hydrophobic silane can be deposited onto a portion of
the surface exposed by removing the boron oxide do-
mains relatively quickly after removal (e.g., immediately
after removal), or even simultaneously with removal.
[0051] Asdescribed above, removing atleasta portion
of the boron oxide domains from the phase separated
glass and depositing a hydrophobic silane provides a po-
rous glass having a hydrophobic silane layer disposed
on a portion of the surface thereof, a total pore volume
of 15-50 vol.%, and an average pore diameter of 20-300
nm. The present inventor notes that the porous glass
(i.e., comprising the hydrophobic silane layer) can desir-
ably be stable throughout drying (e.g., removal of the
exchanged organic solution) as well as subsequent treat-
ment (i.e., including aerogel precursorformation and con-
version therefrom to aerogel).

[0052] Incertain embodiments as otherwise described
herein, the porous glass comprises atleast 90 wt.%, e.g.,
atleast 95 wt.%, or atleast 97.5 wt.%, or at least 98 wt.%,
or at least 99 wt.% silicon oxide. In certain such embod-
iments, the porous glass comprises no more than 5wt.%,
e.g., no more than 4 wt.%, or no more than 3 wt.%, or no
more than 2 wt.%, or no more than 1 wt.% boron oxide.
[0053] Incertain embodiments as otherwise described
herein, at least 2%, e.g., atleast 2.5%, or at least 3%, or
at least 3.5%, or at least 4%, or at least 4.5%, or at least
5% of the surface (i.e., including interior pore surface) of
the porous glass comprises the hydrophobic silane layer.
In certain desirable embodiments as otherwise described
herein, the hydrophobic silane layer is distributed sub-
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stantially evenly across the surface (i.e., includinginterior
pore surface) of the porous glass. In certain embodi-
ments as otherwise described herein, the disposed hy-
drophobic silane layer is covalently linked to the phase-
separated silicon oxide domains of the porous glass.
[0054] In certain embodiments as otherwise described
herein, the porous glass has a total pore volume of 30-50
vol.%, e.g., 35-50 vol.%, or 40-50 vol.%, or 45-50 vol.%.
In certain embodiments as otherwise described herein,
the average pore diameter of the porous glass is 75-250
nm, e.g., 75-225 nm, or 75-200 nm, or 75-175 nm, or
75-150 nm, or 100-250 nm, or 125-250 nm, or 150-250
nm, or 100-200 nm, or 125-225 nm. For example, in cer-
tain embodiments as otherwise described herein, the po-
rous glass has a total pore volume of 30-50 vol.% and
an average pore diameter of 75-250 nm. In another ex-
ample, in certain embodiments as otherwise described
herein, the porous glass has a total pore volume of 40-50
vol.% and an average pore diameter of 100-200 nm.
[0055] The presentinventor has determined that aero-
gel, which is ultralight and can be hydro- and oleo-phobic
and have significant compressive strength, can be
formed in situ within the pore volume of the porous glass,
to provide arelatively lightweight glass composition hav-
ing improved omniphobicity and durability. The present
inventor notes that aerogel so formed can advantageous-
ly be protected from shear forces within the pores, while
only minimally (or even negligibly) affecting the index of
refraction of the material (i.e., due to the particularly low
density of aerogel).

[0056] Accordingly, the method includes, within at
least a portion of the pore volume of the porous glass,
forming an aerogel precursor (e.g., FIG. 1E), and con-
verting at least a portion of the aerogel precursor to an
aerogel (e.g., FIG. 1F). Of course, in certain embodi-
ments, the porous glass (i.e., after removing at least a
portion of the boron oxide domains and depositing a hy-
drophobic silane) can be prepared for aerogel precursor
formation by, e.g., one or more drying and/or washing
steps.

[0057] In certain desirable embodiments as otherwise
described herein, the aerogel is a silica aerogel. The
presentinventor notes that, desirably, silica aerogels can
be highly compatible with the silane-functionalized sur-
face of the porous glass, and accordingly can contribute
to the structural stability of the porous glass. Of course,
the aerogel can be a type other than silica, such as, for
example, a metal oxide aerogel or an organic aerogel.
[0058] In certain embodiments, the aerogel precursor
is a sol-gel, and forming the aerogel precursor comprises
reacting a silicon alkoxide and water in the presence of
a catalyst to produce the sol-gel. For example, in certain
such embodiments, forming the sol-gel comprises dis-
posing a first solution including the silicon alkoxide and
a second solution including the water and catalyst within
at least a portion of the pore volume of the porous glass,
and allowing the silicon oxide to react with water and
polymerize into a gel.
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[0059] In certain embodiments as otherwise described
herein, the silicon alkoxide includes tetramethoxysilane
or tetraethoxy silane. In certain embodiments as other-
wise described herein, the catalyst includes ammonium
hydroxide orammonium fluoride. For example, in certain
embodiments as otherwise described herein, the silicon
alkoxide is tetraethoxy silane, and the catalyst is ammo-
nium fluoride. In certain embodiments as otherwise de-
scribed herein, the silicon alkoxide, catalyst, and water
are reacted in an alcohol solvent (e.g., ethanol).

[0060] The presentinventor notes that, by forming the
aerogel precursor (e.g., a sol-gel) in situ within the pores
of the porous glass, the produced sol-gel can comprise
a substantial portion of the pore volume of the porous
glass. For example, in certain desirable embodiments as
otherwise described herein, the sol-gel comprises at
least80vol.%, e.g., atleast 85 vol.%, or atleast 90 vol.%,
or at least 95 vol.% of the total pore volume of the porous
glass.

[0061] In certain embodiments as otherwise described
herein, the aerogel precursor is a sol-gel, and converting
at least a portion of the aerogel precursor to an aerogel
comprises supercritical solvent extraction from the sol-
gel. As the person of ordinary skill in the art will appreci-
ate, supercritical solvent extraction can remove liquid
from the sol-gel without substantially damaging the pore
structure of the gel (e.g., the pore structure of polymer-
ized tetraethoxy silane or tetramethoxy silane).

[0062] Of course, in certain embodiments, the sol-gel
can be prepared for solvent extraction by, e.g., one or
more washing and/or solvent-exchange steps. For ex-
ample, in certain embodiments, the sol-gel is washed
with ethanol and then solvent-exchanged into CO..
[0063] Accordingly, in certain such embodiments, con-
verting at least a portion of the sol-gel to an aerogel com-
prises supercritical solvent extraction sufficient convert
at least 90 wt.%, e.g., at least 95 wt.%, or at least 97.5
wt.%, or at least 98 wt.%, or at least 99 wt.% of the sol-
gel present within the pore volume of the porous glass
into an aerogel. In certain embodiments as otherwise de-
scribed herein, the aerogel comprises at least 80 vol.%,
e.g., atleast 85 vol.%, or at least 90 vol.%, or at least 95
vol.% of the total pore volume of the porous glass.
[0064] The methods described herein can desirably
provide an optically transparent, superomniphobic bulk
glass composition. Accordingly, another aspect of the
disclosure is a glass composition (e.g., prepared accord-
ing to a method described herein) comprising an inter-
penetrating network of silicon oxide domains and aerogel
domains, the aerogel comprising 15-50 vol.% of the com-
position, the silicon oxide comprising 45-80 vol.% of the
composition, and the aerogel domains having an average
size (e.g. the average minor dimension, or the average
diameter) of 20-300 nm. The properties of the various
components of the composition can be as otherwise de-
scribed above with respect to the methods of the disclo-
sure.

[0065] Forexample, in certain embodiments as other-
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wise described herein, the aerogel comprises 30-50
vol.%, e.g., 40-50 vol.% of the glass composition. In cer-
tain such embodiments, the silicon oxide comprises
50-70 vol.%, e.g., 50-60 vol.% of the glass composition.
In certain such embodiments, the average size of the
aerogel domains is 75-250 nm, e.g., 100-200 nm.
[0066] In certain embodiments as otherwise described
herein, the glass composition comprises a hydrophobic
silane, present in the composition at an interface of a
portion of the aerogel domains and the silicon oxide do-
mains. In certain such embodiments, the hydrophobic
silane is covalently linked to the silicon oxide.

[0067] Another aspect of the disclosure is an article
comprising a glass composition described herein (e.g.,
prepared according to a method described herein), the
article having a major surface and a thickness perpen-
dicular thereto. The thickness of the article is 0.5-20 mm,
e.g., 0.5-17.5 mm, or 0.5-15 mm, or 0.5-12.5 mm, or
0.5-10 mm, or 1-17.5 mm, or 1-15 mm, or 1-12.5 mm, or
1-10 mm. In certain embodiments, the major surface is
substantially flat. In other embodiments, the major sur-
face is curved or otherwise shaped.

[0068] In certain embodiments as otherwise described
herein, the major surface has a water contact angle of at
least 130°, e.g., at least 140°, or at least 150° In certain
embodiments as otherwise described herein, the major
surface has an oil contact angle of at least 130°, e.g., at
least 140°, or at least 150°.

[0069] In certain embodiments as otherwise described
herein, the article has a light transmissivity of at least
98%, e.g., atleast 99% or at least 99.5% for wavelengths
between 400 nm and 1,500 nm. The specification in-
cludes the following subject-matter expressed in the form
of clauses 1-20.

1. A method for preparing a glass composition, com-
prising:

heating a borosilicate glass comprising 45-85
wt.% silicon oxide and 10-40 wt.% boron oxide
to form a phase-separated glass comprising an
interpenetrating network of silicon oxide do-
mains and boron oxide domains;

removing at least a portion of the boron oxide
domains from the phase-separated glass and
depositing a hydrophobic silane to provide a po-
rous glass having

a hydrophobic silane layer disposed on a
portion of the surface thereof;

a total pore volume of 15-50 vol.%; and
an average pore diameter of 20-300 nm;

within at least a portion of the pore volume of the
porous glass, forming an aerogel precursor; and
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converting at least a portion of the aerogel precursor
to an aerogel.

2. The method of clause 1, wherein

removing the phase-separated boron oxide domains
comprises selectively leaching or etching in an aque-
ous solution for a period of time sufficient to remove
at least 80 wt.% of the boron oxide domains of the
phase-separated glass; and

depositing the hydrophobic silane comprises ex-
changing the aqueous solution for an organic solu-
tion comprising the hydrophobic silane.

3. The method of clause 2, wherein removing the
phase-separated boron oxide domains comprises
selectively leaching in an aqueous solution.

4. The method of clause 3, wherein the aqueous so-
lution has a pH of 6-8.

5. The method of any of clauses 1-4, wherein an
amount of silicon oxide present in the porous glass
is at least 90% of an amount of silicon oxide present
in the phase-separated glass.

6. The method of any of clauses 1-5, wherein at least
2% of the surface of the porous glass comprises the
hydrophobic silane layer.

7. The method of any of clauses 1-6, wherein the
disposed hydrophobic silane layer is covalently
linked to the phase-separated silicon oxide domains
of the porous glass.

8. The method of any of clauses 1-7, wherein the
porous glass has a total pore volume of 30-50 vol.%,
and an average pore diameter of 75-250 nm.

9. The method of any of clauses 1-8, wherein forming
the aerogel precursor comprises reacting a silicon
alkoxide and water in the presence of a catalyst to
produce a sol-gel.

10. The method of clause 9, wherein the silicon
alkoxide includes tetramethoxysilane or tetraethox-
ysilane.

11. The method of clause 9 or 10, wherein converting
the aerogel precursor comprises supercritical sol-
vent extraction from the sol-gel.

12. The method of any of clauses 1-11, wherein the
aerogel comprises at least 80 vol.% of the total pore
volume of the porous glass.

13. A glass composition prepared according to any
of clauses 1-12.
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14. A glass composition comprising an interpene-
trating network of silicon oxide domains and aerogel
domains, wherein

the aerogel comprises 15-50 vol.% of the composi-
tion;

the silicon oxide comprises 45-85 vol.% of the com-
position; and

the average size of the aerogel domains is 20-300
nm.

15. The composition of clause 14, further comprising
a hydrophobic silane, wherein the hydrophobic si-
lane is present in the composition at an interface of
at least a portion of the aerogel domains and the
silicon oxide domains.

16. The composition of clause 15, wherein the hy-
drophobic silane is covalently linked to the silicon
oxide.

17. An article comprising the glass composition of
any of clauses 14-16, the article having a major sur-
face and a thickness perpendicular thereto, wherein
the thickness is 0.5-20 mm.

18. The article of clause 17, wherein the major sur-
face has a water contact angle of at least 130°.

19. The article of clause 17 or 18, wherein the major
surface has an oil contact angle of at least 130°.

20. The article of any of clauses 17-19, having a light
transmissivity of at least 98% for wavelengths be-
tween 400 nm and 1,500 nm.

Claims

A method for preparing a glass composition, com-
prising

heating a borosilicate glass comprising 45-85 wt.%
silicon oxide and 10-40 wt.% boron oxide to form a
phase-separated glass comprising an interpenetrat-
ing network of silicon oxide domains and boron oxide
domains;

removing at least a portion of the boron oxide do-
mains from the phase-separated glass and deposit-
ing a hydrophobic silane to provide a porous glass
having

a hydrophobic silane layer disposed on a portion
of the surface thereof;

a total pore volume of 15-50 vol.%; and

an average pore diameter of 20-300 nm;

within at least a portion of the pore volume of the
porous glass, forming an aerogel precursor; and
converting at least a portion of the aerogel precursor
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to an aerogel.

The method of claim 1, wherein

removing the phase-separated boron oxide domains
comprises selectively leaching or etching in an aque-
ous solution for a period of time sufficient to remove
at least 80 wt.% of the boron oxide domains of the
phase-separated glass; and

depositing the hydrophobic silane comprises ex-
changing the aqueous solution for an

organic solution comprising the hydrophobic silane.

The method of claim 2, wherein removing the phase-
separated boron oxide domains comprises selec-
tively leaching in an aqueous solution.

The method of claim 3, wherein the aqueous solution
has a pH of 6-8.

The method of any preceding claim, wherein an
amount of silicon oxide present in the porous glass
is at least 90% of an amount of silicon oxide present
inthe phase-separated glass; and/orwherein atleast
2% of the surface of the porous glass comprises the
hydrophobic silane layer.

The method of any preceding claim, wherein the dis-
posed hydrophobic silane layer is covalently linked
to the phase-separated silicon oxide domains of the
porous glass; and/or wherein the porous glass has
a total pore volume of 30-50 vol.%, and an average
pore diameter of 75-250 nm.

The method of any preceding claim, wherein forming
the aerogel precursor comprises reacting a silicon
alkoxide and water in the presence of a catalyst to
produce a sol-gel.

The method of claim 7, wherein the silicon alkoxide
includes tetramethoxysilane or tetraethoxysilane;
and/or wherein converting the aerogel precursor
comprises supercritical solvent extraction from the
sol-gel.

The method of any preceding claim, wherein the
aerogel comprises at least 80 vol.% of the total pore
volume of the porous glass.

10. A glass composition obtainable by the method ac-

cording to any of claims 1-9.

11. A glass composition comprising an interpenetrating

network of silicon oxide domains and aerogel do-
mains, wherein

the aerogel comprises 15-50 vol.% of the composi-
tion;

the silicon oxide comprises 45-85 vol.% of the com-
position; and
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12.

13.

14.

15.

the average size of the aerogel domains is 20-300
nm.

The composition of claim 11, further comprising a
hydrophobic silane, wherein the hydrophobic silane
is present in the composition at an interface of at
least a portion of the aerogel domains and the silicon
oxide domains.

The composition of claim 12, wherein the hydropho-
bic silane is covalently linked to the silicon oxide.

An article comprising the glass composition of any
of claims 11-13, the article having a major surface
and a thickness perpendicular thereto, wherein the
thickness is 0.5-20 mm.

The article of claim 14, wherein the major surface
has a water contact angle of at least 130°; and/or
wherein the major surface has an oil contact angle
of atleast 130°; and/or wherein the article has a light
transmissivity of at least 98% for wavelengths be-
tween 400 nm and 1,500 nm.



EP 3 945 080 A1

et 3
oy A%
o tetit
<5

Ry

10



10

15

20

25

30

35

40

45

50

55

EP 3 945 080 A1

9

Europdisches
Patentamt

European

Office européen
des brevets

N

EPO FORM 1503 03.82 (P04C01)

Patent Office EUROPEAN SEARCH REPORT

DOCUMENTS CONSIDERED TO BE RELEVANT

Application Number

EP 21 18 7491

Category Citation of document with indication, where appropriate, Relevant CLASSIFICATION OF THE
of relevant passages to claim APPLICATION (IPC)
E WO 2021/216305 Al (WAYMO LLC [US]) 1-15 INV.
28 October 2021 (2021-10-28) Cc03Cc3/089
* paragraphs [0006] — [0070]; claims 1-20; C01B33/158
figures 1,2 * c03Cc11/00
————— Cc03C15/02
E WO 2021/216304 A1l (WAYMO LLC [US]) 1-15 c03Cc17/00
28 October 2021 (2021-10-28) c03C17/34
* paragraphs [0006] — [0057]; claims 1-20; c03c23/00
figure 1 *
Y US 2014/116944 Al (HU MICHAEL Z [US] ET 1-15
AL) 1 May 2014 (2014-05-01)
* paragraphs [0035] - [0099] *
Y US 2012/107581 Al (SIMPSON JOHN T [US] ET |1-15
AL) 3 May 2012 (2012-05-03)
* paragraphs [0032] - [0034]; examples 1-3
*
A US 2015/239773 Al (AYTUG TOLGA [US]) 1-15
27 August 2015 (2015-08-27) TECHNICAL FIELDS
* paragraphs [0028] - [0052] * SEARCHED (IPC)
————— c03cC
C01B
The present search report has been drawn up for all claims
Place of search Date of completion of the search Examiner
Munich 21 December 2021 Lecerf, Nicolas
CATEGORY OF CITED DOCUMENTS T : theory or principle underlying the invention
E : earlier patent document, but published on, or
X : particularly relevant if taken alone after the filing date
Y : particularly relevant if combined with another D : document cited in the application
document of the same category L : document cited for other reasons

A :technological background

O : non-written disclosure & : member of the same patent family, corresponding

P : intermediate document document

1"




10

15

20

25

30

35

40

45

50

55

EPO FORM P0459

ANNEX TO THE EUROPEAN SEARCH REPORT

EP 3 945 080 A1

ON EUROPEAN PATENT APPLICATION NO.

EP 21 18 7491

This annex lists the patent family members relating to the patent documents cited in the above-mentioned European search report.
The members are as contained in the European Patent Office EDP file on
The European Patent Office is in no way liable for these particulars which are merely given for the purpose of information.

21-12-2021
Patent document Publication Patent family Publication
cited in search report date member(s) date
WO 2021216305 Al 28-10-2021 uUs 2021331967 Al 28-10-2021
WO 2021216305 Al 28-10-2021
WO 2021216304 Al 28-10-2021 uUs 11155490 B1 26-10-2021
WO 2021216304 Al 28-10-2021
US 2014116944 Al 01-05-2014 uUs 2014116944 Al 01-05-2014
uUs 2016250601 Al 01-09-2016
US 2012107581 Al 03-05-2012 NONE
US 2015239773 Al 27-08-2015 uUs 2015239773 Al 27-08-2015
uUs 2018171469 Al 21-06-2018
WO 2015156852 A2 15-10-2015

For more details about this annex : see Official Journal of the European Patent Office, No. 12/82

12




	bibliography
	abstract
	description
	claims
	drawings
	search report

